MicroRNAs (miRNA) that guide sequence-specific posttranscriptional gene silencing play an important role in gene expression required for both developmental processes and responses to environmental conditions in plants. However, little is known about the transcriptional and posttranscriptional regulation of miRNA expression. Histone acetylation plays an important role in chromatin remodeling and is required for gene activation. By analyzing the accumulation of subset of miRNAs and the corresponding primary miRNAs in mutants of Arabidopsis, we show that histone acetyltransferase GCN5 (General control non-repressed protein5) has a general repressive effect on miRNA production, while it is required for the expression of a subset of (e.g. stress-inducible) MIRNA genes. The general negative function of GCN5 in miRNA production is likely achieved through an indirect repression of the miRNA machinery genes such as DICER LIKE1 (DCL1), SERRATE (SE), HYPONASTIC LEAVES1 (HYL1) and ARGONAUTE1 (AGO1). Chromatin immunoprecipitation assays revealed that GCN5 targets to a subset of MIRNA genes and is required for acetylation of histone H3 lysine 14 at these loci. Moreover, inhibition of histone deacetylation by trichostatin A treatment or in histone deacetylase gene mutants impaired the accumulation of certain miRNAs. These data together suggest that Arabidopsis GCN5 interferes with the miRNA pathway at both the transcriptional and posttranscriptional levels and histone acetylation/deacetylation is an epigenetic mechanism involved in the regulation of miRNA production.
Introduction
Histone modification plays an important role in chromatin remodeling and gene expression. Among the modifications, acetylation/deacetylation appears as a key switch for inter-conversion between permissive and repressive states of chromatin domains important for regulating genome activity such as gene transcription. Hyper-acetylation of histones relaxes chromatin structure and is usually associated with transcriptional activation, whereas hypo-acetylation induces chromatin compaction and gene repression [1] . The homeostatic balance of histone acetylation in chromatin is maintained by antagonistic actions of histone acetyltransferases (HAT) and histone deacetylases (HDAC). The identification of the yeast (Saccharomyces cerevisiae) transcriptional regulator GCN5 (General control non-repressed protein5) as a HAT suggests that histone acetylation is tightly linked to gene transcriptional regulation [2] . GCN5 plays an essential role in gene expression, as deletion mutations of GCN5 result in either up-or downregulation of a large number of genes in yeast [3] . Drosophila also appears to require GCN5 for normal developmental processes, as flies harboring a null allele display defects in metamorphosis and oogenesis [4] . Knockouts of mouse GCN5 result in lethality approximately one third of the way through embryonic development [5, 6] .
GCN5 is evolutionarily conserved. An ortholog found in Arabidopsis is also called HAG1 [7] . T-DNA insertion mutations of Arabidopsis GCN5 induce pleiotropic defects that alter many aspects of plant development and 900 npg responses to environmental conditions, such as light and cold [8] [9] [10] . Arabidopsis GCN5 found to be involved mostly in the acetylation of histone H3K9, K14 and K27, is shown to be required for the expression of a large number of genes [8, 11, 12] , suggesting that this protein is involved in both long-term epigenetic regulation of chromatin modification and short-term control of transcriptional switches. GCN5 appears to be a major HAT required for gene expression in Arabidopsis, as mutations of other members of the Arabidopsis HAT family produce relatively moderate effects [13] .
Gene expression is also controlled by microRNAs (miRNAs) that guide sequence-specific posttranscriptional gene silencing. miRNAs are encoded by specific genes in the genome, which are transcribed as primary transcripts called primary miRNAs (pri-miRNAs). In Arabidopsis, pri-miRNAs are processed to mature miRNAs by the enzyme DICER-LIKE1 (DCL1) and other proteins including the zinc-finger domain protein SER-RATE (SE) and a double-stranded RNA-binding protein, HYPONASTIC LEAVES1 (HYL1) [14] [15] [16] . In addition, plant miRNAs are methylated by HUA ENHANCER1 (HEN1) at the 3′-ends and are loaded onto ARGONAU-TE1 (AGO1) to target the homologous mRNA [17, 18] . miRNAs are involved in the control of various plant developmental processes, such as leaf morphogenesis [19] , floral development [20] , root development [21] and developmental phase transitions [22] , etc. Many miRNAs regulate plant development by delimiting the regions of accumulation of transcripts encoding transcription factors that function in development. Mutants defective in the accumulation of miRNAs, such as dcl1, hyl1, hen, se and ago1, produce pleiotropic developmental phenotypes [14] [15] [16] [17] [18] . Importantly, plant miRNAs also mediate stress responses. Several recent studies show that miRNAs play important roles in responding to environmental conditions [23] [24] [25] [26] [27] [28] , and are inducible by hormones or growth conditions. For instance, miR159 levels are enhanced by gibberellins [29] , miR164 is transiently induced by auxin treatments [21] ; miR395 is highly induced by sulfate starvation and miR399 is strongly and specifically induced by low-phosphate conditions [23, 30] . Therefore, the regulation of miRNA production is an important regulatory aspect of plant gene expression.
Overall, histone acetylation and the miRNA are opposite regulatory pathways of gene expression. However, little is known about the interaction between the two pathways. Here, we show that GCN5-dependent histone acetylation interferes with the miRNA pathways by regulating miRNA production at several levels. 
Results

Analysis of miRNA accumulations in gcn5 mutants
To examine whether GCN5 is involved in the regulation of miRNA accumulation, total RNAs isolated from inflorescences of wild-type and the previously characterized T-DNA insertion mutant gcn5-2 [10] were analyzed by Northern blots using 32 P-labled oligonucleotides complementary to 11 Arabidopsis miRNAs (miR) as probes (Supplementary information, Table S1 ). The target genes of these miRNAs are involved in plant development, miRNA metabolism itself and responses to environmental conditions ( Table 1 ). The same blots were hybridized with a probe to reveal the heterogeneous nuclear RNA U6 as loading controls. The level of most of the tested miRNAs was increased in gcn5-2 compared to wild-type plants ( Figure 1 ). The increase of some of the miRNAs (e.g. miR159, miR172 and miR399) was more pronounced than others (e.g. miR165). In contrast, the level of miR164 was actually decreased in the mutant, while miR395 was not detected in either wild type or the mu- Figure 1 Analysis of miRNAs accumulation in gcn5. Total RNA isolated from the wild type (WT) and gcn5-2 inflorescences were analyzed by northern hybridizations using probes of ten representative miRNAs as indicated on the left of the panels. The same blots were hybridized with the probe of U6 snRNA. Relative accumulations of miRNAs in gcn5-2 compared to wild type are indicated. tant (not shown), possibly because it is expressed only under low-sulfate conditions [30] .
Analysis of pri-miRNA levels in gcn5 mutants
In order to know whether the increased accumulation of miRNAs in the gcn5 mutant was due to increased expression of the corresponding MIRNA genes or an enhanced maturation process from the precursors, levels of the corresponding pri-miRNAs were measured by reverse transcription-polymerase chain reaction (RT-PCR) using gene-specific primers. The miRNAs under study are encoded by multiple genes. One member (that is previously shown to be expressed, see Table 1 ) per gene family was selected for the analysis. Both gel-based and real-time PCR analyses were performed. The results are presented in Figure 2 and Supplementary information, Figure S1 . The level of 7 tested pri-miRNAs (primiR156a, 164a, 165a, 168a, 172a, 395e and 399d) was decreased in gcn5-2, and that of the remaining 3 primiRNAs (pri-miR157c, 159a and 162a) was not reduced. Analysis of other members of the gene families (i.e., pri-miR165e, 157a and 164c) revealed similar results (Supplementary information, Figure S1 ). In addition, the decrease of pri-miR172a, 395e and 399d was observed in both seedlings and inflorescences of gcn5-2 (Supplementary information, Figure S2 ). However, not all of the gene members of pri-miR172, 395 and 399 families were affected by the gcn5 mutation (Supplementary information, Figure S2 ). The increase of most of the tested miRNAs coincided with the decrease of the corresponding pri-miRNAs, suggesting that the maturation process of these miRNAs might be enhanced in the mutant, while Regulation of miRNA by GCN5 902 npg a possible downregulation of these MIRNA genes in the mutant is not excluded. Unchanged or increased levels of pri-miR157a, pri-miR159a and pri-miR162a suggest that either the expression of the MIRNA genes was increased in the mutant or the increased miRNA levels were originated from other pri-miRNA gene members. As miR164 was reduced in the mutants, the decrease of pri-miR164a suggests that the expression of the gene was repressed in the mutant. Although miR395 was not detected in either wild-type or gcn5 mutants, the pri-miR395e was found to be reduced in the mutant (Figure 2 ; Supplementary information, Figure S2 ). Together, the data suggest that GCN5 may be involved in the regulation of both primiRNA maturation and MIRNA gene expression.
Expression of miRNA targets in gcn5 mutants
RT-PCR analysis was performed to study whether the altered miRNAs affected the accumulation of the target mRNAs in the gcn5-1 and gcn5-2 backgrounds. Gene-specific primers corresponding to targets of the miRNA were used for the analysis. Compared with the wild type, the accumulation of five target mRNAs (i.e., DCL1; AGO1; CUP-SHAPED COTYLEDON1 (CUC1); MYB33 and PHOSPHATE HOMEOSTASIS2 (PHO2)) was increased, four (i.e., Squamosa promoter-binding protein (SBP)-LIKE PROTEIN10 (SLP10), AUXIN-RESPONSIVE FACTOR6 (ARF6), APETALA2 (AP2) and PHABULOSA (PHB)) unchanged and one (i.e., SPL3) decreased in the mutants ( Figure 3A ). The increase of CUC1 mRNA accumulation in the mutants was in agreement with the decrease of miR164 in gcn5-2. The decrease of SPL3 mRNA could be explained by the accumulation of miR157/156 (which target both SPL3 and SPL10). However, the level of the remaining targets, npg albeit with elevated levels of the corresponding miRNAs, was either increased or unchanged in the mutants ( Figure 3A ). This observation may suggest that either the increased miRNAs did not lead to additional degradation of the target mRNAs or the decreased mRNA levels were compensated by increased transcription of the genes as a consequence of the gcn5 mutation. In addition, although miR395 was not detected in the wild-type or the mutant plants (not shown), the level of its target mRNA (ATP Sulphurylase4, APS4) was decreased ( Figure 3A ). These observations suggest that transcription of many of the miRNA target genes might also be regulated by GCN5. Interestingly, DCL1 and AGO1 mRNAs were among the miRNA targets with increased levels in the gcn5 mutant. Since these two genes encode components of the miRNA machinery, we tested whether the other components of the machinery were also deregulated in the mutants. RT-PCR and Northern blot analysis showed that the transcripts of SE and HYL were also increased in the mutants ( Figure 3B and 3C). HEN1 mRNA level was not clearly changed. These data suggest that GCN5 may have a repressive function to negatively regulate the expression of several components of the miRNA machinery.
Tests of cleavage of miRNA targets
In order to evaluate the impact of altered miRNA is associated with a subset of MIRNA loci. Chromatin fragments isolated from wild-type (WT) and gcn5 seedling nuclei were immunoprecipitated by antibodies against GCN5. Both the input chromatin and the precipitated products were analyzed by real-time PCR using the primer sets corresponding to 10 MIRNA loci (Supplementary information, Table S2 ). The percentages of precipitated chromatin products from both wild type and the mutant are shown (Y axis). Error bars represent SD from at least three repetitions. (B) Histone H3 lysine 14 (H3K14) acetylation of a subset of MIRNA loci is reduced in gcn5 plants.
Chromatin fragments isolated from wild-type (WT) and gcn5 seedling nuclei were immunoprecipitated by antibodies against acetylated H3K14. Both the input chromatin and the precipitated products were analyzed by real-time PCR using the same primer sets as in (A). The percentages of precipitated chromatin products from both wild type and the mutant are shown (Y axis). Error bars represent SD from at least three repetitions. gcn5-2, the association was much reduced (Figure 5A ), suggesting that these MIRNA genes may be direct targets of GCN5. As GCN5 is required for acetylation of histone H3 lysine 14 (H3K14) [9, 32] , ChIP assays were performed with antibodies against acetylated H3K14. The analysis revealed that in the mutants H3K14 acetylation was reduced mainly on the GCN5 targets ( Figure 5B ).
Analysis of gcn5 serrate double mutants
The serrate (se) mutation produces a highly pleiotropic phenotype including leaf margin development (serration), phyllotaxy arrangement of lateral structures such as leaf and flowers and random internode lengths between adjacent flowers, in addition to altered floral organ numbers [33] (Figure 6A ). The gcn5 mutants also show a pleiotropic phenotype including upward curled leaves, apical dominance and altered floral organ numbers [10] (Figure 6A ). SE mRNA was accumulated in gcn5 mutants ( Figure 3B and 3C) . We wondered whether the se phenotype could be attenuated by the gcn5 mutation. However, the gcn5 se double mutants displayed a severer phenotype than the single mutants ( Figure 6A) . First, the characteristic leaf serration phenotype of se was enhanced in the double mutants that produced highly irregular leaf margins ( Figure 6A ). It has been shown that the balance between miR164 and CUC1/2 genes controls leaf margin serration in Arabidopsis [34] . The severer leaf margin phenotype of the double mutants might be explained by the reduced accumulation of miR164 in A B levels on the accumulation of target mRNAs, we tested the cleaved products of 5 transcripts (i.e., DCL1, AGO1, MYB33, AP2 and PHB) by detecting the exposed 5′ RNA ends according to Llave et al. [31] . For MYB33, AGO1and DCL1, cleavage products were clearly more abundant in gcn5-2 than in wild type, suggesting that the accumulation of miR159, miR162 and miR168 in gcn5-2 resulted in more cleavage of the targets than in wild type ( Figure 4 ). The abundance of cleavage products of PHB and AP2 mRNAs was slightly higher in the mutant than in the wild type. This could be explained by only a moderate increase of miR165 and by the fact that miR172 functions by inhibiting translation of the target mRNA [20] .
Some of the miRNA genes are direct targets of GCN5
The above data suggest that GCN5 is involved in the expression of components of the miRNA pathway and of some MIRNA genes. As GCN5 is supposed to have an activating function for gene transcription, the negative function of GCN5 in the expression of components of the miRNA machinery suggests that GCN5 may not directly regulate these genes. Chromatin immunoprecipitation (ChIP) assays with antibodies against Arabidopsis GCN5 protein suggested that GCN5 was not directly bound to these genes (Supplementary information, Figure S3) . A similar analysis of 10 MIRNA loci revealed that GCN5 was associated with the genes of pri-miR165a, 172a, 395e and 399d in the wild-type plants ( Figure 5) Figure 6A ). The double mutants were totally infertile. The severer phenotype of the double mutants might be a consequence of loss-of-function of the two genes involved in such two important gene regulatory pathways (i.e., histone acetylation and miRNA). As the expression of SE is not constitutive, but restricted to specific tissue types and developmental stages, and ectopic expression of SE induces a variety of phenotypes including variable floral organ numbers and altered floral organ morphology [33] , the induction of SE expression in gcn5 might be ectopic rather than simply restore the native SE expression pattern.
Examination of miRNA accumulation revealed that the double mutation increased the levels of miR159, miR162, miR167 and miR168 compared to the single se mutation. In agreement with the repression of miR164 accumulation by the single mutations, miR164 was not increased in the double mutants. Therefore, compared with se single mutation, the gcn5 se double mutations restored the accumulation of a subset of miRNAs.
Effect of inhibition of histone deacetylation on miRNA accumulation
To evaluate if histone acetylation was a general mechanism involved in miRNA accumulation, seedlings were treated with trichostatin A (TSA), a HDAC inhibitor, and analyzed by Northern blots using the miR157 probe. At 6 h after the treatment, the level of miR157 was decreased compared to the control (Figure 7) . To further study the role of HDACs in miRNA accumulation, two T-DNA insertion mutants of HDAC genes were used for analysis. The mutation of hda9 did not produce any morphological phenotype (not shown), while hd1 (or hda19) showed pleiotropic defects [35] . Both HDA9 and HDA19 are members of the RPD3 (REDUCED POTAS-SIUM DEPENDANT3)-type of HDAC genes [7] . As shown in Figure 7B , the accumulation of 3 tested miRNAs (i.e., miR157, miR162 and miR172) was reduced in hda9 mutants. However, only miR157 showed some reduction in hd1.
Discussion
GCN5 is involved in the regulation of miRNA accumulation at different levels
Transcription, processing and loading to AGO-containing RNA-induced silencing complexes determine mature miRNA levels found in cells. Little is known about the transcriptional and posttranscriptional regulation of miRNA expression, although promoter activity of Regulation of miRNA by GCN5 906 npg a few miRNA genes has been described [36, 37] . Here, we provide evidence that Arabidopsis GCN5 has a general repressive effect on miRNA production. Because in most cases, the increase of miRNA levels in gcn5 mutants was associated with a decrease of the corresponding pri-miRNAs, GCN5 is likely to interfere with the miRNA pathway at the level of miRNA processing. This hypothesis is supported by increased expression of genes encoding key components of the miRNA machinery (i.e., DCL1, SE, HYL and AGO1) in gcn5 mutants (Figure 3) . The co-regulation of these key components suggests the possibility that their genes may share common regulatory elements responding to GCN5 activity. However, the repressive effect of GCN5 on miRNA machinery genes is likely to be indirect, as no direct binding of GCN5 to the promoters was detected in this work and in a more largescale study (Supplementary information, Figure S1 ) [12] . We speculate that there may exist a common repressor of the miRNA machinery genes, the activity of which is dependent on GCN5. At this stage, it is not, however, excluded that GCN5 may also mediate the repression of miRNA processing through a different mechanism, as the accumulation of tested miRNAs was differentially affected by the gcn5 mutation (Figure 1 ). In addition, the restoration of levels of most of the tested miRNAs in gcn5 se double mutants shown in Figure 6B suggests that the repressive effect of GCN5 on miRNA accumulation is not fully dependent on the repression of SE. GCN5 is an activator of transcription of a large number of genes. The present data suggest that GCN5 has an additional means to promote gene expression through inhibition of miRNA accumulation.
The present data suggest that GCN5 is also required for the expression of a subset of MIRNA genes. For instance, the concurrent decrease of both the mature miR164 and the corresponding pri-miRNA indicates that GCN5 is required for the MIRNA gene transcription. However, GCN5 is likely to regulate this MIRNA indirectly, as no direct association of GCN5 with the gene was detected ( Figure 5A ). In addition, the differential accumulation of pri-miRNAs found in gcn5 mutants might be due to altered transcription rate of the MIRNA genes in the mutants, although this could also be caused by differential maturation processes of the pri-miRNAs.
Importantly, we have shown that GCN5 is associated with 4 of the 10 tested MIRNA loci, indicating that MIRNA genes are amongst the genome-wide targets of GCN5. It is recently shown that GCN5 associated with 40% of the tested gene promoters [12] . At most sites, GCN5 binding does not depend on the integrity of its bromodomain that is required for binding to only 11% of the target promoters and for acetylation of H3K14 on these promoters [12] . Interestingly, the binding to MIR-NA genes seemed to require the bromodomain of GCN5, as the gcn5-2 mutation, which deletes the C-terminal bromodomain of the protein [10, 12] , clearly reduced the association of GCN5 and H3K14 acetylation on the loci ( Figure 5 ). The expression of these genes (i.e., pri-miR levels) was clearly reduced in the gcn5-2 mutant (Figure  2) , demonstrating a correlation between H3K14 acetylation and the MIRNA gene expression. These observations suggest that GCN5-dependent H3K14 acetylation is required for the expression of a subset of MIRNA genes.
We noticed that miRNAs encoded by the four GCN5 targets have been shown to be responsive to environmental conditions. miR165 and miR172 are inducible by cold stress [26] , whereas miR395 and miR399 are highly induced under sulfate and phosphate starvation, respectively [27, 28, 30] . Although it is not known whether the stress-induction of miRNA accumulation is at the transcriptional or posttranscriptional level, the present data suggest that the GCN5 may have a function in stress-induction of MIRNA genes expression. As GCN5 has been shown to be involved in plant response to environmental conditions [8, 12, 32] , its involvement in stress-responsive miRNA accumulation highlights the importance of GCN5 for plant adaptation to environmental conditions.
Taken together, the present data show that Arabidopsis GCN5 regulates miRNA accumulation at both transcriptional and posttranscriptional levels.
Histone acetylation is an epigenetic mechanism regulating miRNA accumulation
Epigenetic silencing of miRNA expression has been reported in mammalian cells, but the underlying mechanism is unknown [38] . Histone modification is thought to be one of the mechanisms of epigenetic regulation of gene expression. Our data suggest that histone acetylation is an important factor to regulate miRNA accumulation. We have shown that treatment with the general HDAC inhibitor TSA reduced the accumulation of a miRNA (miR157) (Figure 7) . A study of breast cancer cells treated with another HDAC inhibitor (i.e., Hydroxamic acid) shows that about 40% of the more than 60 examined miRNA species were downregulated by the treatment [39] . In addition, accumulation of a subset of miRNAs was decreased in hda19/hd1 and hda9 mutants (Figure 7 ). HDA19/AtHD1 has been shown to be a general HDAC required for the expression of a large number of genes and functions together with GCN5 as an antagonistic couple in a few regulatory pathways [9, 35] . However, HDA19 seemed to play a less important role than HDA9 in MIRNA gene expression (Figure 7) 
Materials and Methods
Plant material
Arabidopsis thaliana ecotype Wassilewskija (Ws, gcn5-1 and gcn5-2) was grown under 16-h light and 8-h dark condition at 21 °C for 12 days and transferred on soil. For trichostatin A treatment, plants were grown on 1/2MS media supplemented with 5 µM TSA (Sigma-Aldrich) dissolved in dimethyl sulfoxide (DMSO) or supplemented with DMSO only.
Northern blotting for miRNA
RNA isolation from inflorescence and seedlings was performed using TRIzol ® reagent (Invitrogen). A total of 10 µg of RNA was used for migration on 17% denaturing polyacrylamide gels. Oligonucleotides used as probes are listed in Table S1 . Probes for miR-NA were end-labeled with γ 32 P-ATP using polynucleotide kinase. The same blots were also analyzed with an oligonucleotide probe specific to snRNA U6 as a loading control.
Detection of pri-miRNA and expression of target genes by RT-PCR
Total RNA was isolated from inflorescence tissues of wild-type and gcn5 mutants using Nucleospin ® RNA plant kit (MachereyNagel). cDNA was synthesized from 1 µg of RNA by ImProm-II™ Reverse Transcriptase (Promega) and analyzed by both realtime and gel-based PCR. For real-time PCR, the reactions were performed in a 96-well plate with a Light Cycler 480 system (Roche), using SYBR Green to monitor dsDNA synthesis. Reactions contained 10 µl 2× SYBR Green Master Mix reagent (Roche), 1 µl of cDNA (1 ng/µl) and 200 nM of each gene-specific primer in a final volume of 20 µl. The following standard thermal profile was used for all PCR reactions: 50 °C for 2 min, 95 °C for 10 min, 40 cycles of 95 °C for 15 s and 60 °C for 1 min. Amplicon dissociation curves, i.e., melting curves, were recorded after 40 cycles by heating from 60 °C to 95 °C with a ramp speed of 1.9 °C/min. Data were analyzed using the Light Cycler 480 software 1.5.0 (Roche). Primers for detecting pri-miR157c, pri-miR159a, primiR164a have been described by Grigg et al. [40] . EF1 transcripts were measured as internal reference controls as described earlier [41] . Primers for detecting the others pri-miR listed in Supplementary information, Table S2 . Primers used to detect target mRNA and miRNA machinery mRNA levels are listed in Supplementary information, Tables S3 and S4, respectively.
5′ rapid amplification of cleavage end and Nested PCR
RNA ligase-mediated rapid amplification of 5′ cDNA ends for analysis of target cleavage product was carried out according to GeneRacerII™ (RLM-RACE, Invitrogen) instruction manual. Complementary DNA was used as template in 5′ RACE PCR with primer specific to the RNA adapter sequence and a locus-specific reverse primer (Supplementary information, Table S5 ). Additional PCR reactions with nested primers (Supplementary information, Table S6 ) were performed for increase the specificity and sensitivity of RACE products.
Chromatin immunoprecipitations
ChIP assays were performed as described previously [42] . Seeds of Ws and gcn5 were sterilized, kept for 2 days at 4 °C, and grown in vitro under long-day conditions. 12-day-old seedlings were harvested and fixed in 1% formaldehyde for 15 min in a vacuum and then neutralized by 0.125 M glycine. After washing with sterilized water, the samples were ground in liquid nitrogen as described above. Nuclei pellets were suspended in a buffer containing 0.25 M sucrose, 10 mM Tris-HCl, pH 8, 10 mM MgCl 2 , 1% Triton X-100, 5 mM β-mercaptoethanol, 0.1 mM PMSF and protease inhibitors (one minitablet per milliliter; Roche). The suspensions were transferred to microfuge tubes and centrifuged at 12 000× g for 10 min. The pellets were suspended in 1.7 M sucrose, 10 mM Tris-HCl, pH 8, 2 mM MgCl 2 , 0.15% Triton X-100, 5 mM β-mercaptoethanol, 0.1 mM PMSF and protease inhibitors, and centrifuged through a layer of the same buffer in microfuge tubes. The nuclear pellets were lysed in a buffer containing 50 mM TrisHCl, pH 8, 10 mM EDTA, 1% SDS and protease inhibitors. The lysed nuclei were sonicated four times for 15 s at 4 °C followed by centrifugation. The supernatants containing chromatin fragments were diluted 10-fold with 1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl, pH 8 and 167 mM NaCl. Aliquots of the dilution were used for an immunoprecipitation assay. The antibody of GCN5 was described in Benhamed et al. [9] . Immunoprecipitated DNA was analyzed by PCR using primer sets listed in Supplementary information, Table S2 .
